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Magnetic properties of Fe-Ag multilayers with varying layer thickness and bilayer number

L. F. Kiss,” J. Balogh, L. Bujdosé, and D. Kaptas
Wigner Research Centre for Physics, Hungarian Academy of Sciences, P.O. Box 49, H-1525 Budapest, Hungary

® (Received 14 June 2018; revised manuscript received 12 September 2018; published 15 October 2018)

Fe-Ag multilayers were prepared by vacuum evaporation in a wide range of Fe and Ag thicknesses (fg., fag)
and bilayer numbers (n), while the magnetic properties as a function of these parameters were measured.
Samples with discontinuous Fe layers are superparamagnetic (SPM) and our paper shows that 75, and n affect
the superparamagnetic blocking temperature (73) not only by affecting the interactions between the Fe grains but
also through influencing the growth process of Fe and thereby modifying the magnetic-grain-size distribution.
A magnetic “phase diagram” of our Fe-Ag multilayers is constructed in the #g, ta,, 7 parameter space, where
the SPM and ferromagnetic behaviors are separated by a mixed zone showing the characteristics of both. The
measured trend of the susceptibilities attained at the blocking temperature (73), increasing with increasing 7g,
was explained by the volume distribution of the magnetic particles, as illustrated by calculations for an ensemble

of interaction-free magnetic particles.
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I. INTRODUCTION

The magnetic relaxation of Fe-Ag multilayers with the
Fe-layer thickness in the few-monolayers range was first
recognized [1] in epitaxial single-crystal multilayers. The re-
laxation was first attributed [2] to the two-dimensional nature
of the ferromagnetic (FM) layers but the observation of linear
temperature dependence of the magnetic hyperfine field [3]
gave way to explanations based on the island structure of Fe.
The deviation of the magnetization of the field cooled (FC)
and zero-field cooled (ZFC) sample undoubtedly indicates
small particle behavior of Fe islands [4] in polycrystalline
multilayers. The superparamagnetic (SPM) properties of such
so-called discontinuous or granular multilayers have been the
subject of several investigations [5—8], similarly to granular
alloys prepared by codeposition [9,10]. The SPM properties
are basically determined by the magnetic anisotropy and
the size distribution of the ferromagnetic grains and the
strength of the exchange and dipolar interactions between
the grains [11,12] within and between the layers. The phase
diagram including SPM, interacting superparamagnetic, su-
perspin glass, and superferromagnetic states was constructed
both for discontinuous multilayers [13—15] and for granular
alloys [9,10] as a function of the concentration of the magnetic
clusters. Numerous works [16—18] report on the change of
magnetic properties of discontinuous multilayers varying the
thicknesses of both the magnetic (Nig; Fej9) and nonmagnetic
(Al,03) layers. The nanostructure synthesis and the magnetic
properties of surface nanostructures are summarized in a
review paper [19].

The aim of this paper is to give a broad-range map of
the variation of the blocking temperature as a function of the
Fe-layer (fr.) and Ag-layer (5, ) thickness and the number (1)
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of the bilayers in Fe-Ag granular multilayers. To accomplish
this goal, results on samples prepared for our previous studies
on Fe-Ag multilayers [4,7,20,21] have also been utilized and,
together with the present samples specified in Sec. II, the
conclusions are based on a large number of samples.

The paper is organized as follows. In Sec. II, the ex-
perimental details are presented. In Sec. III, the tempera-
ture dependence of the low-field magnetization is discussed,
systematically varying the parameters fg. (Sec. IIIA), A,
(Sec. III B), and n (Sec. III C). The effect of different substrate
layers is studied in Sec. III D. In Sec. IIT E, a magnetic “phase
diagram,” i.e., a three-dimensional (3D) map of the magnetic
behavior, is constructed where the different low-field mag-
netic properties can be clearly separated as a function of 7,
tag, and n. In Sec. IIIF, the temperature dependence of the
low-field magnetization is simulated by numerical calculation
in order to clarify how the value of the blocking temperature
and its distribution determine the magnetization value attained
at the blocking temperature. Finally, the main results are
summarized in Sec. IV.

II. EXPERIMENT

Except for a few samples prepared in a molecular-beam
epitaxy chamber [4], the multilayer samples were fabricated
by vacuum evaporation (10~7 Pa) onto a 0.5-mm-thick un-
treated Si (111) wafer at room temperature (RT). The evap-
oration chamber contains two water-cooled copper crucibles
(one for Ag and another for B, Nb, V, or W) which are heated
by two electron guns, while >’Fe or natural Fe was Joule
heated in a W crucible. Two substrate holders (in symmetric
position to the W crucible) and an appropriate shutter enable
the preparation of two samples with fully or partially identical
structure. The evaporation rates (around 1 A/s) were con-
trolled by a quartz oscillator and the nominal thickness of the
layers was calculated from the mass measurements supposing
bulk densities. The actual values depended on the thickness of
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TABLE I. Overview of the Fe-Ag multilayers studied. The individual Fe and Ag thicknesses (g, and fag) are shown horizontally and
vertically, respectively; the numbers at the cross-section points denote repetition numbers or a range of repetition number of the bilayers
(n). The different colors (white, gray, and black) show the measured magnetic behavior of a given multilayer: SPM, SPM + FM, and FM,
respectively, as explained in the text. The up-diagonal shaded cells contain multilayers with both SPM and SPM + FM behaviors. The rightmost
column and the bottom row denote in which figure the temperature dependence of the low-field magnetization is shown.
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the layer to be deposited: for small (few-angstrom) thickness
the rate was around 0.1 A/s while for larger (100 A and
above) thicknesses it reached the value of 3 A/s. (The reason
is mostly technical: the deposition time is limited for small
thicknesses by the time of opening and closing the shutter
(about 1 s) and for large thicknesses by the manageable overall
deposition time.) The general sequence of the samples is
Si/buffer + (fre Fe + tag Ag)s,+ cover where g, and 75, are
the thicknesses of the Fe and Ag layers, respectively, and 7 is
the repetition number of the Fe/Ag bilayers; “buffer” denotes
a metal layer evaporated directly on the smooth surface of
the Si wafer (in most of the cases it is Ag) and “cover”
denotes a layer preventing the oxidation of the multilayer.
The parameters of the multilayer samples with the above
general sequence are given in Table I. Some of the samples
were included from previous investigations but many of them,
namely, Si/50 A Ag + (4 A>"Fe + 70 A Ag),, were prepared
for the present paper. Beyond the samples included in the
table, the following special sample pair (1a, 1b) and a sample
series (2) were prepared:

la: Si/70 A Ag+4 AFe + (70 A Ag +4 ANb)o
+70 A Ag + 70 A Nb,

1b: Si/(70 A Ag +4 ANb)jg +70 A Ag + 4 A Fe
+70 A Ag+ 70 A Nb,

2: Si/tagAg+4 AFe +70 A Ag +70 ANb  where
tag = 8, 26,40, 50, 70, 100, 400, and 500 A.

Since all the samples were prepared on Si(111) substrate,
this will not be indicated in the following.

Some of the samples were characterized by transmission
electron microscopy [22]. A columnar-growth structure with
epitaxial bee-Fe and fec-Ag layers within the columns could
be observed for a (26 AAg + 15 AFe),s sample but for a
(26 AAg + 2 AFe);s sample, layers or grains of bcc Fe
could not be identified. The fcc or face-centered tetragonal
(fct) structure of Fe, in case of very small grains, might be
possible. X-ray-diffraction measurements [20] could observe
a (111) preferred orientation of the Ag layers but determi-
nation of the average Fe grain size from line broadening is
hindered by the overlap of the diffraction lines of bcc Fe and
fcc Ag.

The magnetic measurements were performed using a
Quantum Design MPMS-5S superconducting quantum inter-
ference device (SQUID) magnetometer in a wide tempera-
ture (5 < T < 300K) and field range (0 < H < 5T). The
temperature dependence of the magnetization was measured
at a constant low magnetic field (mostly H = 10 Oe) by
means of two protocols. In the ZFC protocol, the sample was
cooled from 300 to 5 K at zero field and the magnetization
was detected during heating at a constant field. (Since the

144423-2



MAGNETIC PROPERTIES OF Fe-Ag MULTILAYERS WITH ...

PHYSICAL REVIEW B 98, 144423 (2018)

nominally zero field is somewhat below —1 Oe in this SQUID
magnetometer after demagnetization of the superconducting
coil, “negative” magnetization often appears in the ZFC curve
of a SPM particle system. Such an effect has been reported in
the literature [18,23].) In the FC protocol, the sample is cooled
from 300 to 5 K at the same field at which the magnetization
is measured during heating. In most of the cases, two pieces
of ~6x6-mm? Si wafer, stacked with the multilayer of each
on the surface, were used for the measurements.

The Mossbauer measurements were carried out by using
a conventional constant acceleration-type spectrometer with
a 50 mCi >’Co(Rh) single-line source. The velocity scale is
given as relative to the center of the a-Fe spectrum at room
temperature. The two multilayers the Mdossbauer spectra of
which are shown in this paper were removed from the Si
substrate by Scotch tape and the samples were measured in
transmission mode. In order to facilitate the removal of the
multilayers from the substrate, two identical multilayers were
evaporated simultaneously but an extra cover of 500 A Ag +
1000 A B was put on one of them. The latter was used for
the Mdssbauer measurements while the other sample with the
substrate was measured by the SQUID. As it will be seen in
Sec. III D, the cover layer does not influence the magnetic
properties of the multilayers. The hyperfine field (HF) dis-
tributions were evaluated according to the Hesse-Riibartsch
method [24], by fitting the amplitudes of a number of sextets
with HFs increasing with equal step values.

III. RESULTS AND DISCUSSION

In order to establish general trends in the dependence of
the magnetic behavior of the multilayers on tg, fa, and n, we
select series from the samples where two of these parameters
are fixed.

A. Dependence on Fe thickness

Figure 1 shows the temperature dependence of the low-
field magnetization for the 50 A Ag + fp.Fe + 50 A Ag
multilayer series containing only one bilayer (n = 1) over an
Ag buffer layer. Looking at the curves shown in Fig. 1, it
is evident that the temperature dependence of the magneti-
zation is that of a superparamagnetic assembly. The initial
susceptibility of a small particle system is usually measured
by demagnetizing it at a temperature higher than Tg, where all
the particle moments are randomly oriented. Afterwards the
system is cooled without applied field down to a temperature
much lower than Ty, where the system is in a frozen state
and finally a small field is applied to measure the magne-
tization during the temperature rise. The initial increase is
due to the gradual melting of the frozen magnetic moments
as the thermal energy allows the particle moments to align
along the applied field. When the thermal energy exceeds
the anisotropy energy, the superparamagnetic state is reached
and the magnetization of the assembly starts to decrease.
The measured curve is called ZFC magnetization. One can
measure a curve by doing the same process, but cooling the
sample with a small applied field, called FC magnetization.
Both curves provide valuable information on the particles,
since the anisotropy energy is proportional to KV, where
K is the anisotropy constant and V is the cluster volume.
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FIG. 1. Magnetization as a function of temperature measured at
10 Oe for the 50 AAg + treFe + 50 AAg (n = 1) multilayer series.
For each Fe thickness denoted by different symbols (colors), the
lower curve (with the maximum) belongs to the ZFC condition while
the upper curve belongs to the FC condition.

The temperature of the ZFC maximum is generally called
average blocking temperature, although it does not necessarily
coincide with the maximum value of the Ty distribution of the
particle assembly, as it will be seen in Sec. III F.

Figure 1 shows that the larger the nominal Fe-layer thick-
ness the larger the average blocking temperature, but Tg is
below RT in the whole investigated Fe-thickness range. It
has been shown by in sifu scanning tunneling microscopy
measurements [25] that Fe grows over Ag in the form of
small clusters at RT and the cluster size increases with in-
creasing nominal Fe-layer thickness until the coalescence of
the clusters and the formation of a continuous layer occur.
Our observation that the Fe layer nominally equal to 10 A
(i.e., about seven monolayers) is granular and the highest
Tp is below RT is in line with the Mdssbauer investigations
[25] coupled with the above size determination by scanning
tunneling microscopy. Though the Fe layer is granular in each
multilayer shown in Fig. 1, the samples can be divided into
two groups according to the temperature dependence of the
magnetization at low fields. For g, = 4, 5, and 7 A, the
magnetization approaches zero at RT while for fp. = 10 A
it shows a flattening close to RT. Binns et al. [10] studied
the magnetic behavior of nanostructured films assembled
from preformed Fe clusters embedded in Ag and concluded
that the former behavior is characteristic of an ideal SPM
system while the flattening is indicative of the existence of
interactions between the clusters. In the latter case, the field
dependence of the magnetization can be described formally
by a Langevin function above Tg; however, the cluster size
will be temperature dependent. For practical reason, here we
adopt the definition that a multilayer is referred to as SPM
throughout this paper if the low-field magnetization measured
at RT decreases below 10% of the value measured at 7g. The
multilayers showing a flattening of the low-field M-T curve
are referred to as SPM + FM. The FM term used here is
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FIG. 2. Magnetization as a function of temperature measured in
10 Oe for the (tg.Fe + 26 AAg)lO multilayer series. For each Fe
thickness denoted by different symbols (colors), the lower curve
(with the maximum) belongs to the ZFC condition while the upper
curve belongs to the FC condition.

justified by the fact that in many of these cases above Ty
the field dependence of the magnetization cannot be fitted by
Langevin functions but only with the addition of a constant
term.

Figure 2 presents the magnetic behavior of n = 10, 75, =
26 A multilayer samples with 7g, varying between 2 and 7 A.
It is evident from the comparison of Figs. 1 and 2 that
the average blocking temperature increases significantly if
the bilayer number is increased from 1 to 10. The possible
explanations for this increase will be discussed in Sec. III C.
Here the emphasis is put on the fact that the magnetization of
the multilayers fr. = 4, 5, and 7 A does not approach zero at
RT, therefore they are of SPM + FM type. It is also obvious
that the Fe-layer thickness at which the transition from SPM
to SPM + FM behavior occurs (called “critical Fe thickness™)
will be smaller when increasing the bilayer number from
n=1S> 7A)t0 10 & < 4 A).

Here it is interesting to note that 7 depends on
the time scale of the measurement [11]. For interaction-
free superparamagnetic particles, the simple relation 7y =
KV /kgIn(ty /1), where T, and 7y are the characteristic
times of the measurement and the thermal excitations, respec-
tively, and kg is Boltzmann’s constant, is a good estimate of
the interdependence of 7 measured by different methods.
The interdependence is more complicated when there are
interactions between the particles or there is a distribution of
particle size [11]. Figure 3 shows the Mdssbauer spectra of
two samples included in Fig. 2, namely, f. = 4 and 7 A. Due
to the smaller time scale of the nuclear Larmor precession
(around 107 s) compared with the SQUID measurement
(100 s), the blocking temperatures are expected to be higher
in the Mossbauer than in the SQUID measurement, but the re-
lation between them is not straightforward. Although both are
labeled as SP + FM according to the SQUID, the tp. = 4 A
sample seems fully paramagnetic while the rz = 7 A sample

FIG. 3. Room-temperature Mossbauer spectra of the indicated
samples measured without and with the application of an in-plane
(i.e., perpendicular to the y-ray direction) external magnetic field.
The thin lines are the fitted curves and the dashed lines on the right
panel mark the peak positions of the first and sixth lines in the
zero-field spectrum.

has no paramagnetic component at RT. The small particle
behavior, however, becomes evident for both samples from
measurements in external field. The applied field decreases
the relaxation frequency of the magnetic moments and in
this way can create hyperfine splitting or modify it with a
much larger value than that of the external field. In case of
static magnetic moments, the effect is quite the opposite: the
external field decreases the magnetic splitting (with a value re-
duced by the demagnetization field), since the hyperfine field
is antiparallel to the magnetization. As a result of the 0.5 T
applied field, an ~16.5 T average magnetic splitting appears
inthe 15 = 4 A sample and the average magnetic splitting in-
creasesby 2.4 Tinthe tpe = 7 A sample. In the latter case, the
demagnetization field is excluded as source of the increase,
since the close to 3:4:1:1:4:3 intensities of the magnetic
sextuplets indicate in-plane orientation of the magnetization.

Increasing further the thickness of the evaporated Fe layer,
a continuous Fe layer is formed which is reflected in a purely
ferromagnetic behavior. An example for such a behavior is
shown in Fig. 4. The M-H curve of the SPM- and SPM +
FM-type multilayers does not saturate even in a field of 5 T at
RT [26]. The white (SPM), gray (SPM + FM), and black (FM)
colors in Table I indicate the measured magnetic structure of
the given group of multilayers.

B. Dependence on Ag thickness

Figures 5(a) and 5(b) show the temperature dependence
of the low-field magnetization for two series of Fe-Ag
multilayers containing 75 bilayers where the Fe-layer thick-
ness is kept constant at fp. = 1 and 2 A, respectively.

In Figs. 5(a) and 5(b), the magnetic structure is of SPM
type for most of the multilayers while two multilayers in
Fig. 5(b) (tre =2 A, ta; =8 and 13 A, n = 75) show an
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FIG. 4. Hysteresis loop for the 20AAg+ (14AFe +
20 A Ag)so multilayer measured at different temperatures denoted
by different symbols (colors).

SPM + FM-type structure, according to the definitions
adopted above.

A general trend can be observed in these figures: the
smaller the separation between the Fe layers (i.e., decreasing
the Ag thickness), the larger the average blocking tempera-
ture. Similar behavior was observed by Stanciu et al. [18] in
discontinuous Nig;Fej9/Al,O; multilayers where the thick-
ness of the nonmagnetic Al,O; layer was varied. Surprisingly,
this trend is opposite to that found by Qiu et al. [3] in a rather
similar range of fr. and 7o, for Fe(110)/Ag(111) single-crystal
multilayers grown over mica substrate at 180 °C. Comparing
the Mossbauer spectra of Fig. 3 to those of Ref. [3] itis evident
that our polycrystalline samples have smaller average grain
size with probably narrower distribution, since a mixture of
paramagnetic and magnetic components, as seen in Ref. [3],
does not appear in the spectra of Fig. 3. The variation of
T with 7o, can be due to several factors: variation of the
Fe-grain size, and/or anisotropy, and/or effective interaction
between the Fe layers with the thickness of the interlayer.
The faster relaxation in case of smaller 75, was supposed to
be due to a larger surface roughness of the thinner Ag layer
and subsequently the smaller number of large continuous Fe
regions [3]. The growth morphology of Ag films, however,
depends on many factors [27]. In our case the decrease of Tp
from 40 to 12 K when #5, is doubled from 26 to 54 A [see
Fig. 5(b)] is attributed to the decrease of the Fe-grain size
[4]. The minor role of the exchange or dipolar interactions
between the layers was demonstrated by the H/T scaling
of the magnetization curves and the small change that some
interleaved ferromagnetic layers caused in the Mossbauer
spectra [4].

An Ag layer can be characterized by its surface roughness
which might be an important factor affecting 7. Namely, the
surface roughness of an Ag layer obviously varies with the
thickness of the layer and this way the growth process of
a subsequent Fe layer is also different. In order to directly
investigate the effect of the surface roughness of an Ag layer
on the blocking temperature of a multilayer, layer structures
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FIG. 5. (a) Magnetization as a function of temperature measured
at 10 Oe for the (1 AFe + IagAg)7s multilayer series. For each Ag
thickness denoted by different symbols (colors), the lower curve
(with the maximum) belongs to the ZFC condition while the upper
curve belongs to the FC condition. (b) Magnetization as a function
of temperature measured at 10 Oe for the (2 AFe + tAgAg)7s mul-
tilayer series. For each Ag thickness denoted by different symbols
(colors), the lower curve (with the maximum) belongs to the ZFC
condition while the upper curve belongs to the FC condition.

were fabricated consisting of one nominally 4 A-thick Fe layer
on top of an Ag layer with varying thickness (sample series 2
as explained in Sec. II): Si/tx;Ag + 4 AFe + 70 AAg +
70 A Nb where t, = 8-500 A. The ZFC-FC curves of two
representative samples with 74, = 50 and 500 A are shown in
Fig. 6. Since the 4 A Fe was evaporated over the 50 and 500 A
Ag layer at the same time, the difference can only be due to
the different thickness of the bottom Ag layer. The blocking
temperature of a nominally 4 A-thick single Fe layer increases
from Ty = 26 to 91 K if the thickness of the underlying Ag
layer increases from 50 to 500 A. This effect is clearly due to
the different surface properties of the two Ag layers. Tp for
the whole series as a function of 75 is displayed in the inset
of Fig. 6. Two regimes of Ag thicknesses can be observed

144423-5



L. F. KISS, J. BALOGH, L. BUIDOSO, AND D. KAPTAS

PHYSICAL REVIEW B 98, 144423 (2018)

tAgAg+4AFe+7OAAg+'7OAN'b

T T T T T T T T T
100 ————7—3
100 500 A P'!,. 1 / 1 -
.. .. 3 50 4 . —
i ° ° o i J 4
° .0 0 T T
50 4 o e 0 200 400 600 b
- . o  W®
RS ] N O, 12x
g . . -Illl-llﬁl'a-l&f:-l--|
S O
= °
150A e
[ ]
-50 j 10 Oe _
-100 T T T T T T T T T T T T
0 50 100 150 200 250 300
T (K)

FIG. 6. Magnetization as a function of temperature measured
at 10 Oe for the multilayer pair 75,Ag + 4 AFe + 70 AAg +
70 A Nb where 75, = 50 and 500 A. For each sample, the lower curve
(with the maximum) belongs to the ZFC condition while the upper
curve belongs to the FC condition. Inset: Blocking temperature as a
function of Ag thickness for 74, = 8-500 A. The line is a guide to
the eye.

in the inset: 7g shows a minimum in the 40-70 A range,
above which it increases significantly with increasing Ag
thickness. Below 75, ~ 40-70 A, Ts shows a slight increase
with decreasing Ag thickness, which might be connected to
the discontinuity of the Ag layer below 50 A thicknesses [28].

The discontinuity of the Ag layer together with the possible
formation of pinholes might explain the decrease of Ty from
40 to 12 K in case of the tg. = 28, n=15 multilayers when
fag increases from 26 to 54 A [Fig. 5(b)], but below 75, =
26 A in a multilayer the increase of interactions between the
clusters cannot be excluded either. (Qualitatively, interaction
manifests itself as if the clusters had larger volumes.) The
effect on Ty of the discontinuities and pinholes of the Ag
layers and that of the increase of interactions between the
magnetic layers as t5, is reduced cannot be separated from
each other in a multilayer, since both cause an increase of Tg.

C. Dependence on bilayer number

It was already evident from the comparison of Figs. 1 and 2
that the average blocking temperature increases significantly
if the bilayer number is increased from 1 to 10. A systematic
study of the magnetic properties (hysteresis loop, coercive
field) on the bilayer number of multilayers is missing in the
literature, except a few scattered works [29,30]. We have
studied the influence of the bilayer number on the blocking
temperature in two sample series: (4 AFe + tagAg), where
fag = 50 and 70 A and the bilayer number varies between 1
and 20. All these multilayers show SPM-type behavior and the
measured blocking temperature contains contributions from
all the Fe clusters in the specimen. The dependence of Ty
on the bilayer number is shown in Fig. 7 where solid and
open symbols denote the two series with 74, = 50 and 70 A,
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FIG. 7. Blocking temperature of (4 AFe + tagAg), multilayers
as a function of bilayer number for 15, = 50 A (solid symbols) and
70 A (open symbols). The solid and dashed lines are guides to the
eye for the solid and open symbols, respectively.

respectively. It is evident at first glance that the scatter of
the T values is significant, which is basically due to the
relatively large error of the nominal layer thickness in the
few-angstrom range. In spite of the large experimental errors,
one can make two definite observations: (1) the blocking
temperature increases monotonically with the bilayer number,
showing a tendency to saturation, and (2) the fz, = 70A
points (open symbols) lie systematically below the 75, =
50 A points (closed symbols). Observation 2 is in line with the
results in Sec. III B but observation 1 requires an explanation.
Increase of T upon increasing the number of the granular
magnetic layers has already been observed in a few similar
systems [31-33] and the dipolar interactions between the lay-
ers gave satisfactory explanation but the observed change was
smaller. Monte Carlo simulations demonstrated [34] that the
out-of-plane anisotropy, characteristic to Fe-Ag multilayers
with small Fe thickness [35], can increase the change.

Here we point to another possible effect: the grain size
may vary along the multilayer stack. To see the respective
role of the interactions and the grain-size variation in the
consecutive granular layers, a composite multilayer pair with
bilayer number of n = 20 was fabricated which contained
only one Fe-Ag bilayer, the rest being composed of Nb-Ag
bilayers as shown in Fig. 8(a). The 4 A single Fe layer was
placed either in the bottom or in the topmost bilayer and the
other bilayers contained nonmagnetic Nb layers of the same
thickness:

Si/70 AAg +4 AFe + (70 AAg +4 ANb)jg + 70 A Ag
+70 A Nb [Fig. 8(a) left panel],

Si/(70 AAg+4 ANb)jg +70 AAg +4 AFe +70 A Ag
+70 ANb [Fig. 8(a) right panel].

The equal thickness of the 3'Fe layers within the sample
pair was ensured by the simultaneous deposition of °'Fe
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FIG. 8. (a) Schematic view of a special Fe-Ag/Nb-Ag composite
multilayer pair with bilayer number of n = 20, containing one Fe
layer of 4 A either in the bottom bilayer (left panel) or in the top
bilayer (right panel). The equal thickness of the bottom and top Fe
layers was ensured by the simultaneous deposition of the layers. (b)
Magnetization as a function of temperature measured at 10 Oe for
the Si/70 AAg + 4 AFe + (70 AAg + 4 ANb); (bottom) and
Si/(70 AAg + 4 ANb);y + 70 AAg + 4 AFe) (top) multilayer.
The Fe layers of the two samples were evaporated simultaneously
as explained in the text. For each sample, the lower curve (with
the maximum) belongs to the ZFC condition while the upper curve
belongs to the FC condition.

from a crucible placed at equal distances from the two
substrates. The overall sample thickness was similar to the
(70 A Ag + 4 A Fe), sample shown in Fig. 7. Nb was chosen
since it is similar to Fe in many properties. It is a bcc
metal, nonmixing with Ag, and the wetting conditions during
layer growth are also similar [36]. Figure 8(b) shows the
temperature dependence of the magnetization measured at
10 Oe for the multilayer pair. The multilayer with the Fe layer
on the top has a higher blocking temperature (75 = 80 K) than
that with the Fe layer on the bottom (73 = 25 K), but the
increase is smaller than that in Fig. 7. These results suggest
that the dipolar interactions between the magnetic layers
and the grain-size variation along the layer structure might
equally play a role in the relation between Ty and the bilayer

50 A buffer + (7 A Fe + 50 A Ag), + 100 A cover

r I r
200 4
] 1 ]
®
100 n p
ﬁ 10 Oe
— [
2 | |
35 e
€ 0 T
(0] u
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5 —e— buffer: Ag, cover: W
} buffer: W, cover: W ]
-200 4
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FIG. 9. Magnetization as a function of temperature measured at
10 Oe for three (7 A Fe + 50 AAg)]O multilayers fabricated with
different bottom (buffer = Ag or W) and top (cover = Ag or W)
layers denoted according to the labels. For each sample, the lower
curve (with the maximum) belongs to the ZFC condition while the
upper curve belongs to the FC condition.

number. The respective role of these factors should be further
studied.

D. Dependence on buffer and cover layers

It is well known that the properties of the first layer
(buffer layer) grown over the substrate can have significant
effect on the whole multilayer structure. In Fig. 9 the tem-
perature dependence of the magnetization is shown for three
(7 A Fe + 50 AAg)m multilayers fabricated with different
buffer (buffer = Ag or W) and cover (cover = Ag or W)
layers. Here we note that although we classify the magnetic
behavior of these samples as of SPM + FM type in Table I
it differs from those of the flattening type discussed above as
the magnetization shows rather small decrease above 7. With
consideration to the classification given by Binns et al. [10],
this behavior is rather a correlated superspin glass where the
volume fraction of the clusters is higher than the percolation
threshold.

It is evident from Fig. 9 that the magnetic behavior of the
multilayers is very similar if the cover layer is changed from
Ag to W and the buffer layer is unchanged (Ag). In contrast,
if the buffer layer is changed from Ag to W leaving the
cover layer unchanged (W), the magnetic behavior changes
drastically. This clearly shows that the properties of the buffer
layer have significant effect on the average grain size and
grain-size distribution of the granular Fe layers. W buffer
layer was frequently used in Fe thin-film studies [37].

E. Parameter map of the magnetic behavior

In the previous sections three main organizing principles
have been explored which determine the magnetic behavior
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of Fe-Ag multilayers expressed in three parameters: fg., fag,
and n.

(1) The Fe-Slayer thickness (tg.) influences directly the
size of the Fe clusters by increasing it up to a critical thickness
(15t ~ 2-7 A depending on tag and n) below which SPM
behavior is observed with negligible interaction between the
clusters. Beyond 75, the clusters begin to interact with each
other resulting in SPM + FM behavior while further increas-
ing tr. leads to the formation of a continuous Fe layer with an
FM-type behavior.

(2) The Ag-layer thickness (fa,) has a complex effect
on the low-field magnetic properties. Below 74, ~ 40-70 A,
pinholes are formed and the Ag layers become more and
more discontinuous, allowing more direct contact between
grains of the subsequent Fe layers and increasing the average
size of the Fe clusters with decreasing 7a,. The interaction
between the Fe layers (increasing with decreasing 75,) also
comes into play in this range. Above f5, ~ 40—70 A, the
increasing surface roughness of the Ag layers with increasing
tag leads to larger Fe clusters. The role of interlayer coupling
does not seem to be significant in this range. This statement
is also supported by the observation that in a ferromagnetic
amorphous FegyZr;o/Aly5Zrp5 multilayer a 40 A-thick non-
magnetic AlysZr,s layer is sufficiently large to suppress any
coupling [23].

(3) The third organizing principle which has attracted less
attention so far in the literature is the interface quality of the
layers. We have shown that magnetic grain size increases if
the Fe layer is grown over a thick enough Ag layer or in the
top portion of a multilayer stack. The explanation probably
lays in the surface or interface irregularity (roughness) of the
underlying layer or layers, which modifies the conditions of
the Fe-grain growth. Indirectly, this effect together with the
change of the effective magnetic interactions manifests itself
in the increase of the blocking temperature with increasing
bilayer number (n).

We can clearly summarize the above results by construct-
ing the magnetic “phase diagram” of Fe-Ag multilayers where
all fabricated multilayers characterized by their three param-
eters (tge, tag, 1) are plotted in a 3D picture (Fig. 10). Above
tre = 10A, all the samples are FM, independently of the
other two parameters, therefore these samples are not shown.
As itis evident from Fig. 10, a surface (“phase boundary”) can
be empirically drawn which separates the SPM-type behavior
from the other types of magnetic behavior (SPM + FM, FM)
found in the multilayers. All multilayers of SPM type are
located below the phase boundary while those of SPM+ FM
type are close above it. At tag < 50 A, the phase-boundary
surface falls abruptly at g, > 5-7 A because of the pinhole
effect and eventually the increasing interaction between the
Fe layers. This means that in this region a multilayer of SPM
type can only be fabricated with small bilayer number. At
higher Ag-layer thicknesses, a multilayer of SPM type can be
produced with larger n up to fge = 10 A.

In addition to the fact that the map of magnetic behavior
of Fe-Ag multilayers shown in Fig. 10 throws light on the
three organizing principles determining the magnetic proper-
ties of these materials, in practice it can be used to predict
the magnetic behavior of multilayers fabricated with specific
parameters (fge, fag, and n).

m SPM
— SPM + FM

5 N
i A FM

FIG. 10. Map of magnetic behavior of Fe-Ag multilayers as a
function of the Fe-layer thickness (f.), Ag-layer thickness (t,),
and logarithm of the bilayer number (n). Large squares (red), dots
(green), and triangles (blue) denote SPM-, SPM + FM-, and FM-type
behavior of the multilayers, respectively. The corresponding small
symbols show the x-y projections of the points. Samples with #z, >
10 A are FM for all tag and n values; therefore they are not included
in the 3D map. A video showing a complete rotation of Fig. 10 is
available in Supplemental Material [38].

One has to note that the growth parameters, like the deposi-
tion temperature and rate, can have important implications for
the morphology of the samples and they can affect the grain
size of the Fe particles. Consequently, deposition parameters
different from ours may lead to a slightly different magnetic
map than that shown in Fig. 10.

F. Modeling the ZFC and FC curves of Fe-Ag multilayers

In the previous analysis of the temperature dependence of
the low-field magnetization, only the variation of the average
blocking temperature has been considered, irrespective of the
magnitude of the magnetization. As seen in Figs. 1, 2, 5(a),
5(b), 6, and 8(b), a tendency can be observed for the mag-
netization attained at Ty, e.g., it increases with increasing
blocking temperature. This tendency is fulfilled in the ma-
jority of the cases but not always. In order to explain this
relationship, we calculated the temperature dependence of the
susceptibility for a simple model case of grains consisting
of randomly oriented, noninteracting, single-domain particles
with a blocking-temperature distribution. The Ty distribution
is thought to originate from the volume distribution of the
particles (Tg = K V); the anisotropy constant is assumed to
be constant.

The ZFC and FC susceptibility for such a system can be
written as [39]

M e nar (™) [ T frpar
xZFc—3—KUT F(Tw) B+n<r—0>/0 e B],

ey

M? (T, 0 "' Ty
e = 3—Kln<r—o) [/T f(TB)dTB+/0 Tf(TB)dTB],

@)
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FIG. 11. Susceptibility of a randomly oriented, noninteracting,
single-domain particle assembly as a function of temperature cal-
culated in ZFC and FC measuring modes (lower and upper parts of
each curve, respectively) for three blocking-temperature distributions
shown in the inset. Notations: wide f(7g) centered at 20 K (square,
black) and 80 K (dot, red) and narrow f(7g) centered at 20 K
(triangle, green).

where M; is the saturation magnetization, 7y, is the relax-
ation time of the measurement, 7o(~107°-10"1"5) is the
inherent relaxation time of the magnetization, and f(73) is
the blocking-temperature distribution. Since our ZFC and FC
measurements are performed quasistatically (¢, ~ 100 s), the
value of In(z,/79) is taken to be equal to 25.

In Eq. (1) the first term gives the contribution of the
blocked particles for T < T in ZFC measuring mode where
XzFc = Mzpc/H = M?/3K is the remanence of a randomly
oriented, noninteracting, single-domain particle assembly ac-
cording to Stoner and Wohlfarth [40]. In both equations (i.e.,
in both ZFC and FC measuring modes), the second term
is the contribution of the SPM particles for 7 > Tz where
the susceptibility is expressed by the approximation of the
Langevin function for small magnetic field as xzpc = xrc =
M2V /3kT. In Eq. (2) the first term gives the contribution of
the blocked particles for 7 < T in FC measuring mode where
the second (i.e., SPM) term must be applied with 7 = Ty
since, during cooling in a magnetic field, the particles are
aligned by the field and blocked as soon as they reach their
appropriate blocking temperatures.

Three hypothetic f(Tg) distributions were constructed
(inset of Fig. 11) and the corresponding ZFC and FC curves
calculated from Egs. (1) and (2) are shown in Fig. 11.
Each f(Tg) distribution has a triangular form. Two of them
are centered at 20 and 80 K assuming nonzero values in
a Tg interval of £20 K around the center, respectively.
The third triangle is centered at 20 K assuming nonzero
values in a Ty interval of &5 K around the center, thus
having the same relative width as the distribution centered at
80 K.

The calculated temperature dependence of the ZFC and FC
susceptibility shown in Fig. 11 describes qualitatively

well the measured behavior of the Fe-Ag multilayers
[see Figs. 1, 2, 5(a), 5(b), 6, and 8(b)]. The blocking-
temperature distributions centered at 20 and 80 K with
nonzero values in a Ty interval of £20 K around the center
(average value) have the same absolute width; however, the
relative width of the distribution having higher average Ty
is smaller. It is clearly seen that in this case the higher the
average Tp the larger the magnetization (or susceptibility) at
the bifurcation point of the ZFC and FC curves (which is
close to the maximum of the ZFC curve). This behavior has
been observed in the majority of the Fe-Ag multilayers. On
the other hand, the distribution centered at 20 K with nonzero
values in a Ty interval of £5 K has the same relative width as
that centered at 80 K. In this case, the magnetization attains
the same value at the bifurcation point for both f(7p). It
is easy to see from Egs. (1) and (2) that the susceptibility
at the bifurcation point of the ZFC and FC curves depends
only on the relative width of the blocking-temperature distri-
bution. This relation allows us to explain the rarely observed
decrease of the maximum value of the ZFC magnetization in
some samples of the Fe-Ag multilayer series with increas-
ing T (e.g., the multilayers fg. = 4A, tag =50 An=1
and fg. = 4A, TAg = 26A, n = 10 shown in Figs. 1 and 2,
respectively). From this analysis we conclude that in the
majority of the Fe-Ag multilayers the width of the blocking-
temperature distribution does not change significantly, ex-
plaining the observed general trend of an increasing max-
imum value of the ZFC magnetization with increasing
Ts.

For very small blocking temperatures [especially for tg. =
14 A, Figs. 1, 2, 5(a), and 5(b)], the measured low-field
magnetization of the Fe-Ag multilayers is so small that the
variation of f(7g) can hardly account for it. Since the theoret-
ical susceptibility is inversely proportional to the anisotropy
constant as shown by Egs. (1) and (2), an explanation for such
a small magnetization might be the increase of the effective
anisotropy constant with decreasing cluster size in the range
of 3.5 to 2.5 nm due to a special core-shell-layer structure of
the particles [41]. The cluster sizes of our Fe-Ag multilayers
are close to these values, D ~ 2nm [26].

IV. CONCLUSIONS

The low-field magnetic properties of Fe-Ag multilayers
fabricated by vacuum evaporation were studied. The thickness
of individual Fe (tr.) and Ag (#ag) layers and the number
(n) of the Fe-Ag bilayers were varied in a wide range.
Below a critical Fe-layer thickness, depending on 75, and
n, the iron atoms do not form a continuous layer but form
clusters with average size decreasing with decreasing g, and
the samples show superparamagnetic properties. The super-
paramagnetic blocking temperature (73) was shown to be
dependent on all the above three parameters. In case of a
single discontinuous Fe layer (g = 4 A), Ty as a function
of 75 shows a minimum, which points to the importance of
the surface properties of the substrate layer during the grain
growth process. The grain-size variation along the multilayer
growth direction was shown to contribute to the dependence
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of Ty on the bilayer number. In the f., ta¢, and n parameter
space a 3D map of magnetic behavior has been constructed
for Fe-Ag multilayers where a surface clearly separates the
SPM-type magnetic behavior from those exhibiting SPM +
FM and FM characteristics. The map of magnetic behavior
so constructed can be used to predict the low-temperature
magnetic properties of multilayers fabricated with arbitrary
IFe, IAg> and n.
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